Abstract
INTRODUCTION
As one of three vegetative organs, the root forms the belowground segment of a plant and is called 'the hidden half' (Matamala and Stover 2013) . Compared to leaves, roots show much less variation in their morphology (e.g. colour) as they grow in a relatively uniform medium (Fitter 1987) ; thus, root topology is more important than morphology. Previous studies have focused more on the foliar traits of aquatic plants, while the roots have either intentionally or unintentionally been neglected because they were believed to be less developed (Santamaría 2002) . However, some aquatic plants can form copious root systems of undeniable importance. Studies of root morphology in aquatic plants are growing (Bai et al. 2015; Wilson et al. 2007; Xie and Yu 2003) , though few have focused on root structures.
Different root structures exhibit distinct topological indices that reflect adaptation to their habitat, and previous studies described two extreme root structures: herringbone branching and dichotomous branching (Fitter 1986; van Pelt and Verwer 1983) . Herringbone branching, which predominantly occurs on the main root axis, promotes high exploitation efficiency because it minimizes competition among roots, but it is less transport-efficient and more expensive to grow due to the relatively high mean root diameters (Fitter 1987; Fitter et al. 1991) . Studies have indicated that the root structures of dicots ('dicots' was replaced by a similar expression, 'eudicots', in Angiosperm Phylogeny Group 2009) become more herringbone-like in low nutrient sediments (Fitter and Stickland 1991) . Dichotomous branching is characterized by shorter exterior links that are easier to form and may better exploit smaller soil volumes (Bouma et al. 2001; Oppelt et al. 2001) . The number of studies of the root morphology and structure of terrestrial plants is increasing (Fan and Guo 2010; Fort et al. 2013 Fort et al. , 2014 , but the root topological parameters of altitude (a), path length (p e ), magnitude (M) and mean topological length (b), topological index (TI) and the normed indices q a and q b have rarely been investigated in aquatic plants.
To date, there are more recorded monocot than dicot aquatic plant species (Cook 1996; Sculthorpe 1967) , and the former have shown a much greater adaptability to the aquatic environment than the latter (Grace 1993) . Dicot and monocot plants form entirely different root systems (Uno et al. 2000) . For instance, Kembel and Cahill (2005) reported that root morphological plasticity to soil nutrient heterogeneity is significantly greater in dicots than in monocots, yet there is a lack of similar studies on root topology comparisons between monocot and eudicot (dicots) aquatic plants.
Invasions are likely to have greater impacts on aquatic than terrestrial habitats (Thomaz et al. 2015) and are likely to increase due to the higher availability of nutrients in oligotrophic lakes (Wersal and Madsen 2011) . Previous studies demonstrated that the root traits of introduced aquatic plants were associated with invasion (Fan et al. 2015; Mantai and Newton 1982; Wilson et al. 2007; Xie and Yu 2003) , but few have compared the root topological structures of introduced and native aquatic plants.
In this study, the topological data of 21 aquatic plants (including five introduced species) belonging to four life forms (free-floating, emergent, floating-leaved and submerged) were quantified to determine the root structures of macrophytes and explain their adaptation strategies in freshwater ecosystems. We aimed to address two questions: (1) what root structures are exhibited by aquatic plants? (2) are there differences among plant groups (different life forms, monocot/ eudicot and introduced/native)?
MATERIALS AND METHODS

Study region and plant materials
This study was conducted at the National Field Station of the Freshwater Ecosystem of Liangzi Lake (30°15′N, 114°33′E). Liangzi Lake (30°10′-30°20′N, 114°20′-114°40′E) is a shallow lake with an average depth of 4.1 m and a surface area of 304 km 2 ; it is one of the major lakes in the Yangtze River Basin (Liu et al. 2016; Xie et al. 2013; You et al. 2013) . A census in 2002 determined that there were 96 aquatic plants species belonging to 64 genera and 34 families in Liangzi Lake in 2002 (Peng et al. 2005) , and the dominant species were Potamogeton maackianus A. Benn., Myriophyllum spicatum L., Ceratophyllum demersum L. and P. crispus L. (Zhan et al. 2001) . The lake has suffered less human disturbance than other lakes in the Central Yangtze ecoregion (Fang et al. 2006) . From March 2013 to October 2015, we collected the roots of 21 aquatic plants from the littoral and limnetic zones of Liangzi Lake; plants were sampled when they were near flowering, which corresponds to the peak of their vegetative growth. The species were classified into multiple plant groups (different life forms, monocot/eudicot and introduced/native) ( Table 1 ). However, certain species, e.g. Alternanthera philoxeroides (Mart.) Griseb. and Myriophyllum aquaticum (Vell.) Verdc., are commonly described as amphibious emergent plants (Schooler 2012; Sytsma and Anderson 1993) .
Among the five introduced plants, Eichhornia crassipes (Mart.) Solms originates from South America and is one of the world's most prevalent invasive aquatic plants (Hussner et al. 2017; Villamagna and Murphy 2010) . Pistia stratiotes L., a native of tropical America, is a widely spread invasive species introduced to China as pig feed (Henry-Silva et al. 2008; Jin 2002) . Alternanthera philoxeroides originates from the Paraná River region and is considered a noxious invasive plant in China (Feng and Zhu 2010) . Myriophyllum aquaticum is a semiaquatic or aquatic plant indigenous to South America, but it has invaded and colonized parts of East Asia (Hussner and Champion 2012; Hussner et al. 2009 ). Egeria densa Planch. is a submerged plant from South America that is considered a weed in parts of Asia (Gassmann et al. 2006; Walsh et al. 2013) .
Data collection
At least 30 individuals of each species were collected, and every other individual was separated by 10 m to avoid repeated sampling and to ensure that samples were not taken from the same plant population. The roots were removed (dug out) at depth to collect all roots; for floating-leaved and submerged plants, the depth was 0-30 cm and for emergent plants, it was 0-50 cm. Because the fine roots were easily damaged, they were gently washed with tap water to remove the soil particles and then transported to a laboratory to be scanned. Alternanthera philoxeroides and M. aquaticum had both aquatic and edaphic roots that were collected and analysed separately. Some plants, such as E. crassipes, had abundant independent roots and could not be completely scanned; thus, one independent root was randomly chosen and scanned. The roots were identified, and the joins with the stem were cut and placed on a transparent acrylic tray with sufficient tap water to avoid overlaps between links. The roots were then unfolded and scanned with an Epson V700 scanner (Seiko Epson Corp., Suwa, Nagano, Japan) to obtain a 1:1 high-definition image (tiff format, 600 dpi). After each scan, the water was poured out of the tray, and the next root was prepared. WinRHIZO Pro 2009 (Regent Instruments Inc., Québec City, Canada) was used to analyse the root images, and the data were saved as text and then imported into Microsoft excel to determine the topological indices.
The topological index TI was calculated following Fitter (1985) and modified by Glimskär (2000) . Typical herringbone branching has a TI = 1, whereas typical dichotomous branching has a TI = 0.5 (Glimskär 2000; Sorgonà et al. 2005) . The altitude (a) was the largest path length and was used to characterize the complete root system (Fitter 1986 (Fitter , 1987 . The p e (path length) was the sum of all path lengths from the root base to the exterior links (Berntson 1995) , and the magnitude (M or v 0 ) was the number of exterior links extending from a link in the root system, including exterior-exterior and exterior-interior links (Smart 1978; Werner and Smart 1973) . The mean topological length (b) is defined as b = p e /v 0 , which was the average topological depth of the exterior links (Oppelt et al. 2001) .
The normed topological indices, q a and q b , were calculated following Oppelt et al. (2001) . Herringbone branching corresponded to q a = q b = 1, whereas q a = q b = 0 would occur only for perfect dichotomous branching. These topological indices are typically defined using the interval [0,1], but in this study, we found that the values for certain aquatic plants were < 0 or as high as 2, indicating that the interval should be expanded to [−1,2]. As these indices were not a fixed characteristic for a species (Fitter 1987), we sampled these aquatic plants when they were near flowering, i.e. at the peak of vegetative growth.
Statistical analyses
The Shapiro-Wilk test was used for assessing the assumption of normal distribution, and Levene's test was used for examining homoscedasticity of variance. The data were logarithmically transformed to satisfy homoscedasticity when the variance was heterogeneous. An independent-sample t test and analysis of variance (ANOVA) were used for post hoc tests. All statistical analyses were conducted in SPSS Statistics 19 (IBM Corp., Armonk, NY, USA).
RESULTS
Roots of aquatic plants are dichotomous-like
The mean topological indices TI, q a and q b for all the plants were 0.724 ± 0.013, 0.290 ± 0.031 and 0.152 ± 0.024 (means ± S.E.), respectively, indicating a more dichotomous-like branching. The highest values of a, p e , M and b were observed in E. crassipes, Hydrocharis dubia (Bl.) Backer, M. spicatum and Zizania latifolia (Griseb.) Turcz. ex Stapf, respectively (Fig. 2) .
Comparison among plant groups
Among the four life forms, the three topological indices were significantly higher for the emergent plants than the other three life forms, which had similar topological indices, except for the TI of submerged plants ( Table 2 ). The eudicots had significantly higher TI, q a and q b values than the monocots (Table 2) . Overall, there were no differences in the root topological indices of introduced and native aquatic plants (Table 2) , and all root topological structures of the five introduced plants exhibited dichotomous branching, except for the aquatic root of M. aquaticum (Fig. 1) . The TI, q a and q b for the edaphic root of M. aquaticum were 0.695 ± 0.003, 0.108 ± 0.005 and 0.084 ± 0.009, respectively, and 0.538 ± 0.042, 0.060 ± 0.014 and 0.014 ± 0.012 for its congener plant M. spicatum. Both roots showed dichotomous branching (Fig. 1) . However, the TI, q a and q b of an independent aquatic root of M. aquaticum had values of 1.092 ± 0.017, 1.599 ± 0.114 and 0.983 ± 0.142 (Fig. 1) , indicating significantly more herringbone branching than the above two root forms. With its two distinct types of root branching, this species can be viewed as a unique case ( Table 2) .
The topological indices TI, q a and q b of an independent aquatic root of A. philoxeroides were 0.767 ± 0.019, 0.273 ± 0.039 and 0.166 ± 0.033, respectively, and those of its edaphic root were 0.564 ± 0.007 (t = 3.659, P = 0.002), 0.024 ± 0.002 (t = 2.178, P = 0.045) and 0.010 ± 0.001 (t = 1.645, P = 0.119). Both aquatic and edaphic roots exhibit dichotomous branching, but the topological indices of the aquatic roots were higher than those of the edaphic roots (Fig. 1) , showing that the edaphic root is more dichotomous-like.
The two free-floating plants, E. crassipes and P. stratiotes, exhibited the similar root branching (Fig. 2) . Egeria densa had the smallest root of the five introduced plants and relatively little root branching among the 21 aquatic plants in this study (Figs 1 and 2 ).
DISCUSSION
The emergent plants, which were not as aquatic as the euhydrophytes (such as submerged plants) and perhaps the most similar to terrestrial plants (Cronk and Fennessy 2001) , presented the highest topological indices among the four life forms. This finding provides direct evidence that emergent plants could be viewed as a transition between terrestrial and aquatic plants in the plant distribution spectrum.
All three topological indices were significantly lower in monocots than eudicots, so eudicots are typically more herringbone-like than monocots, as reported in previous studies (Taub and Goldberg 1996) . The underlying reason for these findings may be that aquatic monocots produce more adventitious roots than eudicots, which have shorter exterior-exterior and exterior-interior links.
Although no significant difference in root structures between aquatic introduced and native plants was noted, species-based differences may confer an advantage to introduced plants versus native plants. Myriophyllum spicatum and M. aquaticum are congeners but form entirely different root structures. Myriophyllum spicatum is a submerged plant that is indigenous to Asia and considered to be one of the most invasive aquatic weed species worldwide (Li et al. 2016) . It can take up nutrients via both roots and shoots (Richter and Gross 2013) , and this species also exhibited the highest magnitude in this study (Fig. 2) , which may provide a new explanation for its invasiveness. Moreover, the roots of M. spicatum and an independent aquatic root of M. aquaticum could be viewed as having typical dichotomous and herringbone structures, respectively. Both the aquatic (adventitious) and edaphic (sediment) roots of M. aquaticum help the plant survive by taking up nutrients from both the water and the sediment (Wersal and Madsen 2011) . Therefore, this species' two root structures and two root types help it survive by nutrients absorption from both water and sediment.
Both the aquatic and edaphic roots of A. philoxeroides showed dichotomous branching. Fan et al. (2015) reported that the two types of root were able to assimilate nutrients, as dichotomous branching is favourable for fast-growing species from nutrition-rich habitats (Berntson and Woodward 1992; Fitter and Stickland 1991) , which may aid in its rapid growth and invasion.
Eichhornia crassipes and P. stratiotes had similar topological indices (Fig. 1 ). An independent root of E. crassipes had the highest altitude (a) in this study. The parameter altitude (a) may be interpreted as the length of the longest root (Spek and van Noordwijk 1994) , and the capacity to acquire belowground resources is associated with root length (Ryser and Eek 2000) . Therefore, E. crassipes may have an advantage over other aquatic plants in absorbing nutrients, which may facilitate its spread. P. stratiotes had no advantageous root traits compared with the local aquatic plants, e.g. H. dubia, in our study. However, it could alter its root architecture when encountering different nutrient scenarios; i.e. it has been found to have only a few long roots under higher nutrient conditions but shorter, denser roots under lower nutrient conditions (Šajna et al. 2007) . Further comparisons of the roots of introduced and native free-floating plants may elucidate the process of invasion; e.g. the roots of the free-floating plants were The data are presented as the means ± S.E. Different letters indicated significant differences between the different plant groups (P = 0.05).
completely in the water column and thus only influenced by aquatic environmental indicators. Root structures reflect adaptations to habitats (Berntson 1995; Taub and Goldberg 1996) . The lake ecosystem is more stable and uniform in environmental factors than terrestrial ecosystems (Schwoerbel 1970) . Dichotomous branching is facilitated by the benthic sediment, which contains sufficient, easily absorbed nutrition; our findings are consistent with those of previous studies indicating that dichotomous root systems grow in nutrient-rich habitats (Bouma et al. 2001; Fitter et al. 1991) .
In conclusion, root topological parameters were calculated for the first time in aquatic plants in this study, and the results revealed that the majority of aquatic plants showed dichotomous branching. Monocots were typically more dichotomous-like than eudicots. We also found that introduced aquatic plants showed no advantages over native plants in their root branching structures. However, the largest root system of E. crassipes, the two root structures of M. aquaticum, and the two root forms of A. philoxeroides may facilitate their invasion. 
